Glaciers physically grind up underlying rock and create fine-grained sediment that has a high potential for chemical weathering. Subsequent weathering of these sediments produces solutes, including nutrients and radiogenic isotopes, which are transported by streams to the world's oceans where they can impact primary productivity and record past ice sheet activity. Previous research on the geochemistry of bedrock, bedload sediment and stream waters demonstrated that the extent of chemical weathering varies across a transect in western Greenland due to variations in either exposure age or precipitation, and that variations in the extent of weathering may affect marine records of past intervals of ice sheet retreat. This project adds a new study area in southern Greenland that has higher precipitation, more vegetation, a different lithology, and a range of exposure ages, to address the leading factors contributing to the extent of weathering. Based on the relative proportions of cations and differences between Na+K concentrations of waters and bedload, the southern region is undergoing similar to more mature chemical weathering compared to the western transect, which suggests that lithology may be an important driver of weathering, and that exposure age and precipitation are less important factors. The results also highlight the need to investigate additional factors that contribute to weathering that were not accounted for in this study, such as dissolved organic matter and microbial activity.
Introduction
As glaciers move over bedrock, they enhance the physical weathering of the rock and produce abundant fine-grained material. The resulting high surface area to volume ratio increases Figure 1 . Simplified diagram of zones in the foreglacial environment. Sub-and supraglacial watersheds are associated with the active glacier. These waters feed into proglacial watersheds that transport ice melt to the ocean. Deglaciated watersheds are located in the distal zone that has been exposed by ice sheet retreat, and the associated non-glacial streams are sourced by local precipitation and active layer melt. Figure from Anderson, 2007. Proglacial rivers have high total suspended solids and low total dissolved solids relative to non-glacial rivers (Wimpenny et al., 2010) . These rivers contain a higher proportion of dissolved Ca 2+ and K + ions because of subglacial weathering of trace carbonates and biotite as well as high SO4 2-ions from oxidation of trace sulfates that occurs under the ice sheet (Tranter, 2003; Wimpenny et al., 2010) . Experimental studies demonstrated that chemical weathering of glacial sediments preferentially weathers carbonate and sulfate minerals before attacking silicate minerals (Anderson et al., 2000) . Solute concentrations in proglacial rivers can increase downstream as the waters interact with and chemically weather bedload material, thus they are sensitive recorders of weathering reactions.
The extent or maturity of chemical weathering is a reflection of how much the chemistry of the rocks and sediments in a region have been altered by reaction with water that result in dissolution or alteration of the minerals in the solid phase. Due to the high concentrations of elements in the rock and the minor chemical changes produced by chemical weathering, it is often difficult to evaluate weathering by studying solid phases. In contrast, the chemistry of the water can change dramatically with the addition of solutes from weathering reactions.
There are a variety of factors including lithology, exposure age, precipitation, climate, and vegetation that can affect the extent of chemical weathering reactions in a particular region.
Bedrock composition, or lithology, determines the minerals that are available for reaction, and some minerals are more reactive than others due to differences in bond strengths within the mineral. The availability of water and temperature determine the rate of reactions, a warmer climate is more conducive to chemical weathering than a more temperate climate under the same conditions. Vegetation, also governed by climate and precipitation, breaks down sediments into soil, that have smaller particle sizes and more organic matter that drive weathering reactions.
Plant respiration also produces CO2, some of which is released into the soil and drives chemical Silicate minerals tend to have stronger bonds and be more resistant to chemical weathering than carbonate minerals. As a result, weathering solutes are often initially dominated by carbonate sources and then transition to silicate sources with more extensive weathering. This study will examine the weathering maturity of each watershed, as it is reflected by changes in major element compositions of the water relative to the bedload and bedrock compositions.
Study Areas
Melting of the Greenland Ice Sheet (GrIS) over the past 10,000 years exposed a transect of fresh sediments along the margin of western and southern Greenland ( Fig. 1 and 2 ). In the western transect, exposure ages of the deglaciated watersheds increase in age from ~ 7 ka to ~10 ka with increasing distance from the ice (Scribner et al., 2015) . There are also Little Ice Age moraines (~200 yrs) adjacent to the GrIS in some areas. The entire western transect is underlain by the Nagsugtiqidian Mobile Belt (NMB) ( Fig. 2A ) composed of metamorphosed granodiorites and tonalitic orthgneisses (1.7-1.9 Ga) formed from rocks of the Archean Belt (AB-2.6-3.1 Ga; White et al., 2016) . There is also a precipitation gradient across the transect that ranges from 150 mm/year near the ice to 350 mm/year at the coast (Fig. 2B) . As a result, the inland vegetation is sparse, mostly composed of tundra and small shrubs. The western Greenland transect thus serves as an exceptional location to understand how exposure age, lithology, and climate affect chemical weathering of sediments in glacial settings. In comparison to the western transect, the southern region has a more variable lithology ( Fig. 2A) , which includes the Ketilidian Mobile Belt (KMB), and the Gardar Province. The KMB (~1.9-1.7 Ga) underlies most of the southern region and is composed of granitoids and low-to high-grade metasediments (White et al., 2016 ).
The Gardar Province, which is composed of alkaline basalts and sandstones (1.35-1.12 Ga) makes up the southern-most part of the study area (Paslick, 1993) . The southern region also has higher annual precipitation (900 mm/year), a warmer climate (~5°C higher; Danish Meteorological Institute), a wide range of exposure ages (~10 to ~1.5 ka) (Fig. 2C) , and more vegetation in some areas, including trees and larger bushes. Scribner et al., (2015) described the differences in weathering across the deglaciated watersheds in the western transect and divided them into 1) coastal deglaciated watersheds that were located in older moraines, exposed to a positive water balance, and exhibited more extensive weathering based on solute concentrations and Sr isotopes, and 2) inland deglaciated watersheds located in younger moraines with a negative water balance and less extensive weathering. Deuerling (2016) used a mass balance model with stream solutes to identify carbonate versus silicate mineral weathering and carbonic (H2CO3) versus sulfuric (H2SO4) weathering acids. They demonstrated that the water compositions reflect a shift from predominantly carbonate weathering inland to predominately silicate weathering near the coast, and that the proportion of weathering by sulfuric acid increases toward the coast (Fig. 3 ). These changes in weathering are accompanied by a decrease in the offset between dissolved and bedload Sr isotope ratios, and are again interpreted to indicate more mature weathering closer to the coast with increasing exposure age and precipitation. This study will evaluate the differences in the extent of weathering maturity between the western transect and southern region, as well as within the southern region, by comparing the major element chemistry of water, bedload, and bedrock. The bedload and bedrock data for the western transect come from a study by Collazo et al. (2015) that evaluated a coastal deglaciated watershed (Nerumaq), an inland deglaciated watershed (Qorlortoq), and a proglacial system (Watson River; WR). The new data from the southern regions include five deglacial watersheds:
Qornup Kuua (QK), Flower Valley (FV), Rope Trail (RT) and Arboritum (ARB), and one proglacial watershed that drains the Kiagut Sermia (KS) (Fig. 2) . The bedload samples are believed to represent an integrated composition of bedrock sources in each watershed, and therefore may provide a more accurate record of specific contributions to the watershed. The western water data come from a study by Scribner et al., (2015) and represent a sensitive monitor of weathering reactions. The goal of this study is to compare previous chemical data on bedload, bedrock and dissolved solutes in the water from watersheds in the western transect to the geochemistry in the southern region near Narsarsuaq to understand how precipitation, exposure age, rock type, and vegetation impact chemical weathering of rocks and ultimately the composition of river runoff transported to the ocean. 
Methods

Sample Collection
All solid samples were collected in the region of Narsarsuaq, Greenland during AugustSeptember of 2017 (Lat: 61.16457°-61.28543°, Long: 45.31218°-45.48011°). Bedrock samples were collected from outcrops near the bedload sample sites and were selected to provide a suite of the different lithological units found in the study area; however, the limited number of bedrock samples clearly do not encompass all of the regional lithologies, particularly lithologies that are now under the ice sheet. Bedload samples were collected at each site where waters were sampled using a plastic trowel or gloved hand and stored in zip-lock bags. Regolith samples were not collected as part of this study, due to the sparse availability of regolith in most sampling locations. Suspended load was only collected in proglacial rivers, but quantities were small and are being used for isotopic studies.
Water was pumped from the center of river channels through an overflow cup using tygon tubing attached to a Geotech II 12-V peristaltic pump located on riverbanks. Water was filtered through a 0.45 μm trace metal grade canister filter and collected in sample-appropriate containers after triple rinsing with sample water. Cation (20 ml) samples were collected in acid washed HDPE bottles and acidified to pH < 2 with optima grade nitric acid. The acidification of water samples took place in a laboratory at Kangerlussuaq International Science Station. All samples were chilled and shipped to the University of Florida within one month of collection.
Sample Preparation
Bedload and bedrock samples were prepared for XRF analyses by crushing, then grinding the samples into a fine powder. Bedload samples were sieved to remove the >2 mm size fraction to avoid any single large grain dominating the analysis. Approximately 1.5 g of fine rock powder underwent loss on ignition (LOI) at about 1000°C for an hour, and LOI was calculated to be, on average, 0.99% of the sample weight. After LOI, one gram (±0.005) of sample was mixed with 6 (±0.005) grams of lithium metaborate flux in order to make glass disks using a Katanax fusion machine.
Sample Analysis
The bedload and bedrock samples were analyzed for major elements (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, and K2O) using a Rigaku "supermini" model wavelengthdispersive x-ray fluorescence. Precision is ±1% for most element oxides and ±5% for Na2O.
Oxides were summed to 100±1% to assess precision of the data. Percent oxides were converted to Si, Ca, Mg, Na and K concentrations in mM for comparison with dissolved solutes using gram formula weights for each oxide.
Major ion concentrations were analyzed on undiluted water samples using a Dionex
Model 500DX Ion Chromatograph and in-house multi-element standards. Precision was <5%
based on an internal standard measured every five samples. All samples had charge balance errors <20% with 85% of the samples having <10% charge balance error; samples with large errors had low ionic strengths. Si concentrations on water samples were analyzed using a Thermo Fischer Element 2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Dried water samples were dissolved with a trace metal grade nitric acid and analyzed using a Re/Rh internal standard and a SLRS-4 reference standard.
Results
Bedrock composition in the southern region (Table 1) is highly variable and ranges from granites to syenitic rocks (Fig. 4A ). Only 4 bedrock samples from the western region (Table 2) were analyzed by Collazo et al. (2015) . These samples range from syenitic to gabbroic rocks; however, these are unlikely to represent the entire range of compositions for this region.
Consistent with these mapped lithologies (White et al., 2016) , southern region bedrock samples have a higher overall percent silica than western transect bedrock samples (Fig. 4) . Bedload (Table 3) for the southern region is mainly syenitic in composition, varying from nepheline syenites to syeno-granites, while the bedload for the western region (Table 4) plots as diorites, granodiorites, and granites (Fig. 4B) . Bedload compositions for both regions fall between the bedrock compositions of the region, although this trend is not as well defined for the western transect, due to the limited number of samples. The southern bedrock and bedload tend to have higher relative proportions of Na+K and lower Ca/Mg than western bedload and bedrock samples (Fig. 5 ). ARB and FV/RT solid and water samples plot closest to the Na+K apex, while QK and KS samples plot farthest from the Na+K apex (Fig. 6A) . Compared to the bedload and bedrock, the major element chemistry of waters in the southern region (Table 5 ) has lower proportions of Na+K and higher ratios of Ca/Mg (Fig. 6A) . The western transect waters (Table 6 ) also have lower proportions of Na+K compared to the bedload and bedrock. The relative proportions of dissolved Ca to Mg are similar solids in the non-glacial rivers from the western region, but the proglacial WR waters again have higher Ca/Mg than the solids. (Fig 6B) . Within the southern region, waters from QK and KS have the lowest proportions and ARB waters have the highest proportions of Si (Fig. 7A) . Within the western region, Qorlortoq waters have the lowest proportions of Si and WR waters generally have the highest proportions, which are similar to proportions in ARB waters. Nerumaq waters cover the full Si range between the two western watersheds (Fig. 7A) . 
Discussion
Bedload vs. Bedrock Compositions
As expected, the geochemical data illustrate clear lithological differences between the KMB/Gardar rocks of the southern region and NMB rocks of western transect (Fig. 4A) . The more gabbroic and syenitic lithologies are likely to weather more readily than the granites that are more common in the southern region (Fig. 4A) . Due to the difficulty of obtaining representative bedrock samples for each watershed and a lack of knowledge about which lithologies exist under the ice sheet, bedload data were used to define a more representative composition of the entire drainage basin, while the specific bedrock compositions provide more information about end member compositions. Relative proportions of major cations demonstrate that the bedload samples do generally fall within the bedrock end members, particularly for the better-sampled southern region, and thus appear to integrate the regional bedrock (Figs. 5 and 6).
Weathering extent within the southern region
Several lines of evidence suggest the greatest maturity of weathering within the southern region occurs in the ARB and FV watersheds and the least mature weathering occurs in the QK watershed. The ARB and FV watersheds also include the greatest lithologic variability, including
Gardar Province rocks, while QK and RT rocks generally have less weatherable, more granitic lithologies. In contrast to the variable bedrock, ARB bedload is one of the most silica-poor and FV bedload is one of the most silica-rich (Fig. 4B) . The low %SiO2 in ARB bedload compared to the bedrock suggests silica may have been stripped out by weathering, which is consistent with the high relative %Si in ARB waters (Fig. 7) . This watershed also has the lowest dissolved relative %Mg+Ca and the highest dissolved relative %Na+K. These cation concentrations suggest that most of the easily weatherable carbonate in these rocks has been weathered away and more mature silicate weathering is occurring QK also has relatively high %SiO2 in the bedrock and low %SiO2 bedload, but in this watershed the relative %Si in the water is low. The QK waters also have the highest relative %Mg+Ca and lowest relative %Na+K of all the southern watersheds (Fig. 6A ). These chemical variations suggest less mature weathering with continuing contributions from carbonates that release Ca+Mg into the QK waters. The KS waters plot between these two end members, suggesting intermediate weathering maturity.
Na+K are the cations most easily weathered from silicate rocks and are commonly the primary variable in chemical indices of weathering (e.g., Price and Velbel, 2003) . The percent difference between the %Na+K in the bedload compared to the %Na+K in the associated water sample (Fig. 8) therefore provides a technique to compare weathering maturity between watersheds that takes into account the starting rock composition. A smaller difference in the %Na+K in the solid and water samples indicates a greater contribution of Na+K to the water from weathering, and therefore more mature silicate weathering. In other words, the water chemistry looks more like the bulk rock chemistry, suggesting greater chemical weathering of the major rock-forming silicate minerals. The difference between the %Na+K in the bedload and water is smallest in ARB waters and similar to FV, again suggesting these watersheds are undergoing the most mature weathering. QK waters have the greatest difference between %Na+K in bedload and water, suggesting it is undergoing the least mature weathering (Fig. 8 ).
This ranking of weathering maturity correlates with the Si and Mg+Ca results described above.
Based on this technique, RT and KS watersheds have intermediate weathering maturity that falls
closest to the low maturity end of the range (Fig. 8) . Thus, the basic lithology, relative %Si, relative %Mg+Ca, and %Na+K data all indicate that the southern watersheds can be ranked ARB, FV, KS, RT, and QK in order from most weathered to least weathered.
Evidence of chemical weathering extent between southern and western regions
Scribner et. al. (2015) Open symbols-data for individual samples, solid and semi-solid symbols -average value for each watershed.
In contrast, the relative dissolved %Si data have a similar range of values in both regions, suggesting similar weathering maturities. These cation-dependent differences in perceived weathering maturity between the two regions may be lithologically controlled and suggest difference in dissolved Si between watersheds may depend on regional geology and cannot be used to compare the maturity of weathering between regions. The variation in weathering maturity derived from dissolved relative %Si, however, are consistent with data from other cations. Nerumaq and ARB have the highest dissolved %Si for non-glacial streams, which suggests they are the most weathered watersheds for each region. QK and Qorlortoq waters have the lowest relative %Si, which suggests they represent the least mature weathering for each region. The proglacial streams in the two regions have different behavior compared to the nonglacial streams. WR in the western transect has the highest dissolved %Si, implying the most mature weathering, while KS has some of the lowest %Si and apparently lower weathering maturity that several of the non-glacial systems.
Another way to compare the two regions is to use the %Na+K differences between bedload and waters ( Fig. 8 ). This technique suggests more nuanced differences between the two regions. The southern watersheds show a greater overall range in weathering maturity for deglaciated watersheds, while the variation in deglaciated western watersheds is small. The proglacial WR has the highest weathering overall. In contrast, the proglacial KS has relatively low weathering maturity comparable to several of the deglaciated watersheds. The very high rates of weathering for WR compared to KS are associated with high dissolved organic matter (DOC) concentrations in the water discharging from the ice sheet (A. Pain, personal comm).
This relationship indicates that degradation of organic matter under the ice, possibly catalyzed by microbial activity, may be an important driver of weathering in proglacial systems.
As indicated by the other chemical comparisons, QK is undergoing the least mature weathering in both regions based on %Na+K. This is interesting because QK has some of the oldest moraine exposure ages and it is in the high precipitation, southern climate regime; two factors believed to enhance chemical weathering rates. The QK watershed is located at a higher elevation than the other non-glacial watersheds, and the elevation may impact the precipitation in this specific area. There are no meteorological data to confirm this idea; however, in contrast to the other southern watersheds, the upper portion of QK has very sparse vegetation. The vegetation increases a bit downstream, but still remains sparse compared to ARB, RT and FV.
This lack of vegetation could be linked to low concentrations of soil CO2 that may impact weathering maturity.
Lithology may also play a role in the wide range of apparent weathering maturity in the southern compared to the western deglaciated watershed. Lithology is quite uniform across the western region, but more variable in the southern region where lithology ranges from less weatherable granites in QK and RT to more easily weathered syenites in ARB and FV. The similarity in the extent of weathering based on %Na+K in bedload and water between KS and RT in the south and Nerumaq and Qorlortoq in western occurs despite higher precipitation and warmer temperatures in the south, suggesting the lithologic control is more important than climate. One possibility is that the climatic differences between the western and southern regions are small relative to variations between high latitude and mid-latitude or tropical sites.
Under these conditions, lithologic variations and DOC concentrations may play a more important role in governing the weatherability of the rock and the availability of weathering acids.
Conclusions
Comparisons between relative %Mg+Ca and %Si in stream waters and %Na+K in bedload versus water are interpreted in terms of differences in the maturity of chemical weathering between watersheds in the western transect and southern study areas of Greenland, as well as differences within each of those regions. In general, the evaluation of the stream water, bedload, and bedrock chemistry indicate that the bedload samples represent a basin-wide mixture of bedrock sources, potentially including sources from under the ice in proglacial systems. The chemistry of the waters suggest the proglacial WR watershed is experiencing more mature/more extensive weathering than the other watersheds, which may be driven by microbial reactions and high concentrations of DOC preserved in soils under the ice. These reactions provide acids that enhance chemical weathering. In contrast, the proglacial KS waters contain much lower concentrations of DOC.
The relative %Mg+Ca in non-glacial streams suggests greater input from carbonate minerals that tend to weather quickly in the southern watersheds, and thus less mature weathering in the south. In contrast, dissolved %Si has a similar range in western and southern watersheds and can be broken down into watersheds with the least to most mature weathering that is consistent with results from the difference in the %Na+K in the waters versus the bedload.
Both the dissolved %Si and %Na+K techniques indicate weathering maturity increases from QK to RT to FV to ARB in the south, and Qorlortoq is less weathered than Nerumaq in the west.
The %Na+K data also suggest a wider range of weathering intensities in the deglacial southern watersheds that includes estimates of more mature weathering in ARB and FV, similar weathering maturity in KS and RT and less mature weathering in QK compared to the two western deglacial watersheds.
The differences in the interpretations of the maturity of weathering based on different cations likely reflects the control of mineralogy, and therefore lithology, on chemical weathering.
Lithology also appears to be a major control on the maturity of weathering because the southern region, which experiences much higher precipitation and warmer temperatures, does not consistently record more mature weathering. Instead the regions containing more granitic/less weatherable lithologies appear to be the least weathered, while regions with more syenitic rocks record the most mature weathering. This is particularly pronounced for the QK watershed, which is located in the high rainfall/higher temperature southern region and has some of the older moraine exposure ages, yet records some of the lowest weathering maturity. One explanation may be that the climatic differences and differences in moraine ages between these regions is relatively small and therefore lithology plays a dominant role in controlling chemical weathering.
